We propose and experimentally demonstrate a low-loss and low-crosstalk Mach-Zehnder mode/wavelength multi/demultiplexer for WDM/MDM transmission based on a Siphotonics platform. A broadband 3-dB mode divider, which is also newly devised here, makes it possible to compose a Mach-Zehnder filter for "mode" and "wavelength" simultaneously. Transmission characteristics of fabricated 3-dB mode dividers are in excellent agreement with theoretical results. Mach-Zehnder filters using the 3-dB mode divider with a free spectral range (FSR) of 20 and 1 nm are also fabricated and the modal crosstalk is less than −24 dB in the 40-nm wavelength range for the MZ filter with an FSR of 20 nm. The tuning of the peak wavelength position by the TiN heater is also demonstrated.
Introduction
For the purpose of expanding communication capacity of optical communication system, wavelength division multiplexing (WDM) has been studied. However, there is a limit to the communication capacity expansion by WDM using single mode fiber. Therefore, a mode division multiplexing (MDM) has been studied for further expansion of communication capacity. WDM and MDM can be used simultaneously and make it possible to expand the network capacity further. For WDM and MDM, wavelength [1, 2] and mode [3] [4] [5] [6] [7] [8] [9] [10] multi/demultiplexers (MUX) are necessary. For the mode MUX, an asymmetric directional coupler (ADC) is often used [5] [6] [7] [8] . The problem of ADC is that the loss and the modal crosstalk of ADC increase as the operation wavelength shifts from the center wavelength since ADC has parabolic spectral shape [6] . Therefore, when WDM and MDM are used in combination, the degradation of the optical signal for the wavelength far from the center will be large due to the large crosstalk. Therefore, broadband mode MUX is necessary for the combined use of WDM and MDM. These mode MUXes have been fabricated for various material platform, such as silica and Si. Among them, mode MUXes using Si-photonics platform [8] [9] [10] is promising due to its ultrasmall size. For WDM/MDM transmission MUXes based on Si waveguide, the multimode interference (MMI) type [9] and ring resonator type [10] mode MUX has been studied specially aimed for WDM/MDM transmission. For MMI type WDM/MDM mode MUX, the insertion loss is relatively high and wavelength dependence of MMI is large. For the ring resonator type WDM/MDM MUX, the position of the peak wavelength is very sensitive to the waveguide parameters. Mach-Zehnder (MZ) filters [11, 12] are frequently used for single-mode WDM multiplexers, which is composed of two 3-dB coupler (usually, MMI waveguide) and delay line waveguides. The MZ filter has periodic transmission spectrum and the wavelength separation (free-spectral range: FSR) can be tuned by the length of the delay lines. If the MZ filter can be designed for mode MUX with periodical wavelength transmission as conventional single-mode MZ filter, it can work as broadband, low-loss, and low-crosstalk mode MUX for WDM/MDM transmission.
In this paper, we propose and experimentally demonstrate a novel MZ mode MUX based on Si waveguide for WDM/MDM transmission. The transmission spectrum of proposed MZ "mode" filter is periodic and at the peak wavelength, the loss and the crosstalk are small as in conventional MZ filter. To compose MZ mode MUX, a broadband 3-dB mode divider is necessary and the design methodology of 3-dB mode divider is also presented. The proposed 3-dB mode divider and the MZ mode MUX are fabricated in CMOS platform. Transmission characteristics of fabricated 3-dB mode dividers are in excellent agreement with theoretical results. For the MZ mode MUX, the devices with the FSR of 20 and 1 nm are fabricated and low-loss and low-crosstalk characteristics are presented. The modal crosstalk is less than −24 dB in 40-nm wavelength range for FSR 20-nm filter, which is more than two times compared with that of conventional ADC MUX. The tuning of the peak wavelength position by TiN heater is also demonstrated. These results indicate that the usefulness of the device for WDM/MDM transmission system. Figure 1 shows the schematic of the MZ mode MUX proposed here. It consists of two 3-dB mode dividers and delay line waveguides. In the mode divider, input TE 0 mode from waveguide 2 is equally divided to TE 0 and TE 1 mode and TE 0 mode has additional phase delay in the delay line. Then, in the second mode divider, two modes are combined and outputted to either port depending on the phase difference. For conventional MZ filter, MMI is often used for 3-dB divider due to its broadband characteristics [12] . However, here, a "mode" 3-dB divider is necessary as in Fig. 1 , in which input TE 0 mode is equally divided to TE 0 and TE 1 modes in the broad wavelength range. Therefore, MMI cannot be used and different broadband 3-dB mode divider is necessary. Here, we also proposed broadband 3-dB mode divider using ADC with tapered waveguide. The design is performed by coupled-mode theory (CMT) [13] as shown in the next section. Figure 2 shows a structure of the 3-dB mode divider based on tapered ADC. The waveguide widths of the waveguides 1 is w 1 , the height of the waveguide is h, the spacing between the waveguides is g, and the coupling length is L c . In the coupling region, the width of waveguide 2 is tapered from w 2 -2Δw to w 2 + 2Δw. The refractive index of the core is assumed to be 3.476 (silicon), and the refractive index of the cladding is assumed to be 1.444 (silica). First, we set the w 1 = 818 nm, w 2 = 400 nm, g = 250 nm and h = 210 nm. Therefore, we have to find optimum parameters of Δw and L c . To determine Δw and L c , following maximum deviation (MD) is evaluated [14] , which is given by
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where T(λ) is the transmission of TE 1 mode of port 3 at the wavelength λ = 1500, 1525, 1550, 1575, and 1600 nm when the TE 0 mode is launched from port 2, and T c is the reference transmission. Here, T c = 0.5 because we want to design 3-dB mode divider. The transmission is calculated by CMT. We calculated the effective refractive indexes of Si-wire waveguides for various widths by using finite-element method and use them for the input for solving coupled mode equation. Figure 3 shows the MD as a function of Δw and L c , the white dot in the figure is the point where the MD is the minimum. From the figure, the broadband operation can be expected by choosing Δw = 11 nm and L c = 27 μm. Figure 4 (a) shows the calculated transmission spectra of the 3-dB mode divider. Green and red lines show the transmission of the conventional ADC divider and the designed 3-dB mode divider. Here, the conventional ADC divider is composed of two straight waveguides 1 and 2 (Δw = 0 nm, w 1 = 837 nm, w 2 = 400 nm, g = 200 nm) and L c = 9.09 µm, which is the half of coupling length at 1.55 µm. Hereafter, we call this structure as "straight divider". The designed 3-dB mode divider has a transmission of about −3 dB over the wavelength of 1530 to 1600 nm, while the transmission of the straight divider deviates from −3 dB for the wavelength far from 1.55 µm.
Figure 4 (b) shows the transmission of the mode divider as a function of waveguide width variation for 1500, 1550, and 1600 nm. ± 10 nm waveguide width variation is assumed for waveguides 1 and 2. Green region corresponds to the transmission around 0.5. From the Figure, if the deviations for w 1 and w 2 are similar, the transmission is not so changed from 0.5. We fabricated designed 3-dB mode divider using a CMOS process and measured the transmission spectra to confirm the broadband characteristics. Figure 5 shows a micrograph of the fabricated 3-dB mode divider based on tapered waveguide. Figure 6 shows the measurement setup. TE-polarized light from ASE light source is coupled to the chip through inverse taper spot size converter [15] fabricated at the both edges of the chip. Transmitted light is received by optical spectrum analyzer. The transmission is measured by subtracting the transmitted power through a reference straight waveguide fabricated in the same chip from the transmitted power through the device. For the measurement of the TE 1 mode transmission, as shown in Fig. 5 (bottom) , we fabricated two-cascaded 3-dB mode divider and measurement was done by that structure. By using this configuration, we can measure the transmission of TE 1 mode by TE 0 mode [port2 to port4 in Fig. 5 (bottom) ], which is much easier. Figure 7 shows the measured transmission spectra of the fabricated 3-dB mode divider. Green and red lines show the transmission spectra of the straight divider and the 3-dB mode divider with tapered waveguide. From Fig. 4 and 7, the calculated results and the measured results are in very good agreement. In the case of the straight divider, the port imbalance is increased for the wavelength far from the center (around 1540 nm). On the other hand, the transmission of the designed mode divider is around −3 dB and the port imbalance is less than −0.7 dB from 1530 to 1600 nm, showing the broadband 3-dB mode dividing operation. Figure 8 shows the schematic of the MZ mode MUX. In the 3-dB mode divider region, the parameters are the same with the previous section. The values of the parameters are w 1 = 818 nm, w 2 = 400 nm, Δw = 11 nm, g = 250 nm, h = 210 nm, L c = 27 μm. L 1 and L 2 are the length of delay line waveguides. In the MZ filter, a peak of the transmission appears periodically with respect to the wavelength by providing an optical path difference between the two arm waveguides. We can obtain arbitrary FSR by adjusting the length of the delay line. FSR is given by
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Here, N 1 and N 2 are the group indices of TE 1 and TE 0 modes in the waveguides 1 and 2. It is possible to design an MZ mode MUX having an arbitrary FSR by using Eq. (2). When calculating transmission spectra by CMT, strictly speaking, N 2 in the coupling region is changed due to the taper and it should be taken into account. However, for simplicity, N 2 in the coupling region is approximated to the value of the waveguide with the width of w 2 + 2Δw (same as the delay line waveguide). Therefore, the calculated group indices are N 1 = 4.415 for w 1 = 818 nm and N 2 = 4.186 for w 2 + 2Δw = 422 nm. From Eq.
(2), L 1 = 20.0 µm and L 2 = 52.74 µm for Δλ = 20 nm (coarse WDM grid). Figure 9 shows the transmission spectra of the MZ mode MUX with Δλ = 20 nm calculated by CMT. Solid and dashed lines in Fig. 9 show the calculated transmission (port2 to port3) and crosstalk (port2 to port4) spectra. The red and green lines show the spectra of MZ mode MUX with Δλ = 20 nm and conventional ADC MUX. Here, the schematic of the conventional ADC is the same as the mode divider, namely, it is shown in Fig. 2 . The conventional ADC has two straight waveguides in the coupling region without taper and L c is set to the coupling length at 1550 nm. The parameters of the conventional ADC are w 1 = 837 nm, w 2 = 400 nm, Δw = 0 nm, g = 200 nm, and L c = 18.18 µm [see Fig. 2 for each parameter]. From Fig. 9 , periodic transmission spectra peculiar to the MZ filter is obtained for the MZ mode MUX. On the other hand, for the conventional ADC MUX, the crosstalk becomes worse for the wavelength far from the center wavelength. For the proposed MZ mode MUX, low-loss and low-crosstalk characteristics are obtained in the broad wavelength range, showing the advantage of MZ mode MUX for WDM/MDM transmission. Subsequently, the transmission spectra of the MZ mode MUX fabricated by CMOS process is measured. Figure 10 shows a micrograph of the fabricated MZ mode MUX. The measurement is done in the same way as the measurement of the 3-dB mode divider in the previous section. Figure 11 shows the measured transmission spectra of the fabricated MZ mode MUX with FSR = 20 nm and conventional ADC. The red and green lines show the spectra of MZ mode MUX with Δλ = 20 nm and conventional ADC MUX. Solid and dashed lines show the transmission (port2 to port4) and crosstalk (port2 to port5) spectra of the MZ mode MUX and conventional ADC MUX. From Fig. 11 , for the conventional ADC, parabolic transmission spectra are obtained as expected. However, the crosstalk of the fabricated conventional ADC MUX is significantly worse than calculated and we believe that this is due to the fabrication imperfection. Therefore, we compare the transmission spectra between calculated results of the conventional ADC MUX and measured results of the MZ mode MUX, which is more severe comparison for MZ mode MUX. For the MZ mode MUX, periodic spectra are obtained, and the FSR is about 20 nm. The wavelength range, in which the crosstalk is less than −24 dB, is about 16 nm for the conventional ADC MUX from Fig. 9 . For the MZ mode MUX, the wavelength range for the crosstalk < −24 dB is more than 40 nm from Fig. 11 (we can only measure the crosstalk of only two FSR bandwidth in the wavelength range of our lightsource (1530 to 1600 nm)), which is two times larger than that of the conventional ADC MUX. We fabricated and measured the MZ mode MUX using conventional straight 3-dB mode divider to prove the need for a broadband 3-dB mode divider. Figure 12 shows the measured transmission spectra of the fabricated MZ mode MUX using the straight divider. Δλ is set to 20 nm. From Fig. 12 , expected FSR is also obtained for MZ mode MUX with the straight divider, like Fig. 11 . However, the loss and crosstalk of straight MZ at peak wavelength are increased for the wavelength far from the center (around 1545 nm). This is because that the mode splitting ratio of the straight divider deviates from −3 dB as shown in Fig. 7 . Therefore, designed 3-dB mode divider is indispensable to compose broadband MZ filter. Next, we show that FSR can be changed by adjusting the length of the delay line. Assuming L 1 = 20 μm as in the case of FSR = 20 nm, FSR = 1 nm if L 2 = 597.9 μm from Eq.
(2). Figure 12 shows the measured transmission spectra of the fabricated MZ mode MUX with FSR = 1 nm. It can be seen from Fig. 13 that there are two bottom peaks for transmission to Port 4. This is because that it receives light, which passing through two MZ mode MUX and the peak wavelengths of the first and second MZ mode MUX are slightly changed because of the fabrication error. FSR is about 1 nm as expected. From this result, FSR can be freely designed by using Eq. (2). Finally, the tunability of the filter peak wavelength by using a heater is demonstrated. Figure 14 shows a micrograph of MZ mode MUX with FSR of 1 nm. TiN heater is added on top of the delay line waveguide 2. The width, thickness, and length of the heater on top of the waveguide2 are 4 μm, 120 nm, and 135 μm. The separation between the heater and the top of the waveguide is larger than 1.2 μm. A heat isolation trench is added to enhance the heating efficiency. Figure 15 shows the measured transmission spectra of MZ mode MUX with the heater for different injection current. The position of the peak wavelength of the transmission spectra is shifted to the longer wavelength side as the injection current to the heater is increased. From this result, the peak wavelength can be tuned by the heater. 
Conclusion
A novel mode MUX based on MZ filter was proposed for the combined use of WDM and MDM transmission. A newly designed broadband 3-dB mode divider makes it possible to compose broadband MZ "mode" filter. Both the 3-dB mode divider and the MZ mode MUX were fabricated in CMOS platform and measured results are in excellent agreement with the theory. The fabricated device exhibits low-loss and low-crosstalk characteristics in the broad wavelength range and is useful for WDM/MDM transmission.
